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Human pluripotent stem cells (hPSCs) hold great promise for applications in drug discovery and
regenerative medicine. Microfluidic technology is a promising approach for creating artificial
microenvironments; however, although a proper three-dimensional (3D) microenvironment is
required to'achieve robust control of cellular phenotypes, most current microfluidic devices provide
only 2D cell culture and do not allow tuning of physical and chemical environmental cues
simultaneously. Here, we report a 3D cellular microenvironment plate (3D-CEP), which consisted of a
microfluidic'device filled with thermoresponsive poly(N-isopropylacrylamide)-B-poly(ethylene glycol)
(PNIPAAM+B-PEG) hydrogel (HG), which enabled systematic tuning of both chemical and physical
environmentalicues as well as in situ cell monitoring. We showed that H9 hESCs and 253G1 hiPSCs in
the HG/3D-CEP system maintained their pluripotent marker expression under HG/3D-CEP self-
renewing conditions. Additionally, global gene expression analyses were used to elucidate small
variations amongidifferent test environments. Interestingly, we found that treatment of H9 hESCs
under HG/3D-CEP'self-renewing conditions resulted in initiation of entry into the neural
differentiationsprocess by induction of PAX3 and OTX1 expression. We believe that this HG/3D-CEP
system Wwiltl,servesas a versatile platform for developing targeted functional cell lines and facilitate

advances in drug screening and regenerative medicine.
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1. Introduction

Realizing the industrial, pharmaceutical, and clinical potential of human pluripotent stem
cells (hPSCs; e.g., human embryonic stem cells [hESCs]™! and human induced pluripotent
stem cells [hiPS@s]™) requires derivation of the right cell type in an appropriate format for
downstream applications. Current benchmarks in high-throughput screening do not include
appropriate_investigation of in vivo cell viability and do not adequately determine the

capacity of-hRS€-derived cells to functionally contribute to the target tissues.

Onewof the major barriers to obtaining the desired cellular phenotypes is establishing
an appropriate cellular microenvironment.® This requires innovation in three areas: (i)
identificationsandsdelivery of soluble factors, including growth factors, vitamins, chemical
compounds, and bioactive gases; (ii) reconstitution of insoluble factors, such as extracellular
matrix proteins, topological cues, shear stress, stiffness, pressure, and temperature; and (iii)
factorsfacilitating cell-to-cell interactions, including gap junctions, tight junctions, and
cellular adherence. In combination, these factors orchestrate the in vivo fate and function of
cells with great precision. Most efforts directed at establishing a suitable microenvironment
utilize only,ehemical cocktails of various soluble factors to drive cellular differentiation.
Moreover{the current experimental settings rely on conventional macroscopic two-
dimensional (2D) culture platforms, which lack precision and rely on the self-organizing

ability of«differentiating cells. Thus, these critical issues highlight the clear need to
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experimentally establish appropriate in vitro cellular microenvironments that incorporate
engineered three-dimensional (3D) systems, which can mimic well-organized in vivo tissue

and cell regulatory systems.

Over the past decade, there has been a growing interesting in the application of
microfluidie technology for the development of platforms to culture and treat cells and
analyze cell functions, behaviors, and phenotypes in a robust, high-precision, and high-
throughput-fashien.! Indeed, such an approach holds many advantages over conventional
cell culture'methods, such as providing a configurable 3D space for cell culture, facilitating
the control of small volumes of fluids, and allowing for integration of
microelectromechanical systems (MEMSSs) for sensing of cell components and behaviors.
However, although some studies have performed 3D cell culture with established cell lines,™
most hPSG studies have been performed in the 2D setting for maintenance of self-renewal,
controlled.differentiation,!”? and enhanced reprogramming,®®! even in microfluidic cell culture
chambers;to the best of our knowledge, no reports have described 3D cell culture and
assays.* 4% Therefore, the differences in hPSC behaviors in two- or three-dimensional
culture conditions are still unclear. Without this knowledge, we will not be able to apply the

optimal culture conditions for hPSCs for further differentiation procedures.

Here, we developed a simple microfluidic platform to create a 3D cellular environment using

hydrogel for self-renewing hPSCs (Figure 1A). We designated this device the 3D cellular environment
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plate (3D-CEP). By combining the 3D-CEP device with a thermoresponsive poly(N-
isopropylacrylamide)-B-poly(ethylene glycol) (PNIPAAmM-B3-PEG) hydrogel (HG), we were able to
perform 3D hPSC culture within a microfluidic cell culture chamber. Finally, we elucidated the unique

characteristies of-€ach.culture condition that influenced self-renewal and transcriptional networks.

2. Results and Discussion
2.1. Establishment of hydrogel-based 3D hPSC culture

We designed a 3D-CEP device having a cell culture chamber with a height of 200 pm to
provide sufficient space for growth of cell aggregates. Previously, we reported a microfluidic
device that could be used to generate concentration gradients of soluble cues, such as growth
factors, to perturb hPSCs in hydrogel.[*” Compared with the previously reported device, the
device developed in this study created more homogenous 3D culture conditions, since each
channel'was connected to two medium reservoirs to supply adequate cell culture medium
and/or cellalar stimulants. Moreover, this microfluidic channel also functioned as a container
to maintain growing hPSC aggregates within the hydrogel. When hydrogel-based cell culture
is performediinfaconventional microtiter plate, the growing hPSC aggregates easily escape
from the gel. However, using the microfluidic device, we could maintain the cells within the
gel and minimizercell loss. The design incorporated a 0.75-mm-diameter inlet at the center of

each microfluidic channel to facilitate loading of cells and HG. Polydimethylsiloxane
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(PDMS) was used to fabricate the device because of its low cytotoxicity and good gas

permeability. > 14

Mofeover,we also used a 3D cellular matrix formed from a PNIPAAmM-B-PEG hydrogel (HG,
Figure S1) that was capable of temperature-induced phase changes at approximately 15°C, allowing
the introduction, culture, and harvesting of cells in the 3D-CEP microfluidic device without additional
reagents of cellular.damage, which is challenging for other types of hydrogel, such as Matrigel,
acrylamides, and.other derivatives (Figures 1B, S2, and $3).""> * In this device, every cell in the
culture was‘exposed to the same concentration of extrinsic soluble factors. mTeSR-1 medium!*?!
supplemented with 10 pM Y-27632 ROCK inhibitor'*” was used to culture the hPSCs and for

dissolution ofithesHG. The optimal HG concentration for hPSC 3D culture was 61 mg mL™ (Figures

S4-S11). Therefore, these optimal conditions were referred to as “HG”.

2.2. Phenotypic differences in hPSCs cultured under various conditions

Next, we examined the influence of cell culture conditions on the functional status of hPSCs
(Figures 2rand S4-S11). Conventional Matrigel-coated cell culture dish (MG)™ and
suspension (SP)[15] hPSC culture conditions served as experimental controls (Figure 2A). In

terms of morphelogy of the cell aggregates, H9 hESCs cultured for 4 days in HG exhibited
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spherical cell shapes similar to SP-cultured cells. In contrast, the cells cultured under MG
conditions formed a monolayer cellular sheet.

Cell viability after 4 days was assessed by monitoring intracellular adenosine
triphosphate,(AdP)production (Figures 2B and S5). H9 hESCs cultured in HG, MG, and SP
conditions,did not exhibit variations in ATP production, thereby demonstrating the continued
viability ofsthe eells.

Cell"aggregates that formed with culture under HG conditions were much smaller than
those formed'with culture under SP conditions (Figure 2C). Under SP conditions, cells could
freely move within the culture medium; therefore, they had more opportunity to aggregate
with one another (Movie S1). In contrast, HG-cultured cells were found to remain at a fixed
location because,of the elastic environment. This lack of cellular aggregation resulted in the
formation/of smaller cellular spheres (Movie S2).

To quantitatively assess cell death, H9 hESCs were stained with annexin V and
propidium iodide(P1), which are markers for apoptotic and dead cells, respectively, and were
then subjected to flow cytometry (Figures 2D, S6, and S7). Compared with MG conditions,
SP and HG cultures showed increased numbers of annexin V-positive (p = 0.017 and 0.067,
respectively), Pl=positive (p = 0.0026 and 0.027, respectively), and double-positive cells (p =
0.03 and 0.08, respectively). These differences were attributed to the morphology of the cell

aggregates.As mentioned previously, SP- and HG-cultured cells formed 3D spherical cell
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aggregates, whereas MG-cultured cells formed 2D monolayer colonies. Therefore, soluble
factors in the culture medium, such as growth factors, supplements, and gas molecules, did
not reach the cells in the center of the 3D spherical cell aggregates. From a technical point of
view, it is pessible that dead cells in the MG cultures were washed away during daily changes
in culture medium, thereby leading to underestimation of the number of apoptotic cells.

To characterize the effects of culture conditions on the cell cycle, flow cytometric analyses
were performeédfor MG, SP, and HG conditions (Figures 2E, S8, and $9). Compared with SP
conditions, cells in/HG cultures showed increased numbers of cells in the S phase (p = 0.042
determined by Student’s t tests). As discussed above, cells in aggregate clusters have less
opportunity to interact with soluble factors in the cell culture medium; therefore, cells in SP cultures
exhibit fewer S-phase proliferating cells because of the formation of larger cell aggregate clusters

than thosefin HG cultures.

2.3. Comparison of pluripotent marker expression

We evaluated the pluripotent status of hPSCs by performing immunocytochemistry and flow
cytometric analysis (Figure 3). H9 hESCs expressed the pluripotent stem cell markers octamer-
binding transesiption factor 4 (OCT4 [also known as POU domain, class 5, transcription factor 1 or

POU5F1]) and NANOG (Figures 3A and S10). Cell surface markers for pluripotency (stage-specific
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embryonic antigen 4 [SSEA4] and TRA-1-60), but not differentiation (SSEA1), were highly expressed
in H9 hESCs and 253G1 hiPSCs, and their expression did not differ among the culture conditions
tested in this study (Figures 3B and S11). These results also indicated that H9 hESCs cultured under
HG conditions showed similar homogenous cellular populations as those cultured under MG and SP
conditions. Expression levels of sex determining region Y-box 2 (S0X2), NANOG, and OCT4
messenger ribosemal nucleic acid (mMRNA) were also measured; these genes were highly expressed
under all culturesconditions in H9 hESCs, but not in IMR-90 human fibroblast negative controls
(Figures 3C—E). In summary, under the tested conditions, hPSCs maintained cell viability and

pluripotentistemicell marker expression.

2.4. Influence of 3D cellular microenvironments on transcriptional networks

To identify the uniqueness of cellular function under each condition, we utilized microarray
analysis techniques to investigate cellular gene expression profiles (Figure S12).
First,“we“focused on the expression levels of the pluripotent stem cell markers
NANOG, SOX2, and OCT4 (Figure 4A). For all culture methods, we observed similar gene
expression lewvels (p = 0.95-0.99, as determined by moderated t-statistic tests); these gene
expression‘levels were much higher than those observed in the IMR-90 fibroblasts, consistent

with the stable pluripotency state in H9 hESCs under all tested conditions.
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The culture microenvironment resulted in changes to gene expression, as illustrated by
clustering of cells in the principle component analysis (PCA; Figures 4B and S13). To
elucidate the_biological pathways altered by each condition, we identified 253 genes
differentially.expressed among the HG, MG, and SP culture conditions (Figure 4C; p < 0.05
determined by moderated t-statistic tests).

Transcripts with similar expression patterns may be involved in the same pathways or similar
functions; therefore, we used consensus clustering methods and attempted to categorize the
transcripts by their expression patterns. Based on this analysis, five classes (classes 1-5) were
identified (Figures 4D and S14-S17) containing 57, 61, 52, 45, and 38 transcripts, respectively.
Classes 1 and 3 were downregulated under HG conditions as compared with that under MG and SP
conditions.The other classes were upregulated under HG culture conditions (Figures 4E and S14).
We searchéd the gene ontologies for the transcripts in each class to determine their corresponding

functions (Figures 4F and $16-S17).

Transeripts exhibiting the class 1 expression pattern included genes from the
metallothionein 1 family, such as MT1L, MT1M, MT1E, MT1B, MT1G, MT1X, and MT1F,
which are associated with metal ion binding. These genes showed the highest level of
expression'in notonly class 1 but also among all five classes. The metallothionein 1 gene
expression and cell aggregate diameters have been reported to change according to the hydric

environment:of.the culture method.™™® We observed similar variability in cultured cell
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aggregate formation among MG, SP, and HG culture conditions in our experiments (Movies
S1and S2).

Class,3.transcripts were associated with genes encoding neurotransmitter receptor
activities (galanin.receptor 1 [GALR1], cholinergic receptor nicotinic beta 4 [CHRNB4],
cholinergig receptor nicotinic alpha 3 [CHRNAZ3], and sortilin-related VPS10 domain
containingeceptor 2 [SORCS2]) and regulation of neurogenesis (Forkhead box protein Al
[FOXA1], Vor'Willebrand factor C domain containing 2 [VWC2], and CHRNAZ3). This result
indicated that cells cultured under HG conditions expressed the cell signals necessary to enter
the later phases of neural differentiation.

Class 2 transcripts included genes related to the CXC family of chemokines (C-X-C
motif ligandy(E€XEL) 5, CXCL3, and CXCL2). These CXC chemokines have a common
receptor, CXC receptor 2 (CXCR2), which is associated with interferon (IFN)-y-induced
apoptosis.in.embryonic stem cells.*" Both class 2 and class 4 transcripts were related to the
Golgi apparatus-and transmembrane proteins (bone marrow stromal cell antigen 2 [BST2],
CD44, parathyroid hormone 1 receptor [PTH1R], adrenoceptor alpha 2A [ADRA2A], 5-
hydroxytryptamine [serotonin] receptor 1D G protein-coupled [HTR1D], glucosaminyl [N-
acetyl] trapsferase 1, core 2 [GCNT1], and major histocompatibility complex, class Il, DQ

alpha 1 [HLA-DQAL]), and most were related to the immune system. As shown in Figure 2D,
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a slight increase in the number of apoptotic cells was observed in HG culture conditions, and
the transcript analysis corroborated this observation.

Class 5.included seven transcription factors, e.g., diencephalon/mesencephalon homeobox 1
(DMBX1), BTB.and CNC homology 1 basic leucine zipper transcription factor 2 (BACH2), orthodenticle
homeobox, (OTX1), transcription factor AP-2 beta (TFAP2B), and paired box 3 (PAX3). PAX3 is
involved in the early stages of neuron differentiation, and PAX3 and OTX1 are associated with
forebrain development. Whereas the class 3 genes associated with neurotransmitter receptor
activities and regulation of neurogenesis were downregulated, the class 5 genes associated with the
early stages'‘of'neural differentiation were upregulated. In addition, as described above, the
expression of genes associated with pluripotency did not differ among the tested SP, MG, and HG
conditions.\Thus, we hypothesized that, although hPSCs cultured under HG conditions maintained

the expression of pluripotency markers, they initiated entry into the neural differentiation process.

3. Conclusions

In this study, we developed an HG/3D-CEP platform to carry out 3D hPSC culture for the first
time. Global'gene expression analyses provided mechanistic insights into the changes in gene
networks resulting in phenotypic changes in the cells. The results of our study emphasized the
importance©fperforming further investigations into the relationship between the culture

microenvironment and cellular mechanisms.
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Moreover, there is a growing interest in the development of organ—on—a—chip[ls] and body-
on—a—chip“g] devices to recapitulate human physiological and pathological conditions in vitro, and the
combination of microfluidic and hPSC technologies is well suited to realize such devices for the
preparationief collections of 3D differentiated and functional cells/tissues; however, the chips
reported did not utilize 3D cell cultures. For example, primary hepatocytes from healthy donors
would be a precious and functional resource but could lose their functions as hepatocytes after
culture in conventional 2D cell culture dishes. Therefore, the cells on chips do not exhibit their
correct functions; the findings obtained with such devices may not be relevant for real applications,
such as drugisereening and toxicological tests. Compared with conventional culture methods,
including other microfluidics systems, our HG/3D-CEP platform enabled cells to maintain proper cell
functionality and could be directly built into organ-on-a-chip and body-on-a-chip devices, which
could have applications in future drug development. We believe that our HG/3D-CEP platform
provides an important tool to facilitate the utilization of hPSCs in various clinical and industrial

applications.

4. Experiméntal Section

Stereolithographic3D printing of the microfluidic device: 3D-CEPs were fabricated using
stereolithographic 3D printing techniques and solution cast molding processes (Figure $1)."% The

mold for the microfluidic channels was produced using a 3D printer (Keyence Corporation, Osaka,
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Japan). Sylgard 184 PDMS two-part elastomer (10:1 ratio of prepolymer to curing agent; Dow
Corning Corporation, Midland, MI, USA) was well mixed and poured into a 3D-printed mold to
produce a 5-mm-thick PDMS layer. The PDMS material was then cured in an oven at 65°C for 48 h.
After curingythe PDMS form was removed from the mold, trimmed, and cleaned. The PDMS form
and a glass,dish or plastic plate were corona plasma-treated (Kasuga Denki, Inc., Kawasaki, Japan)

and bonded together by baking in an oven at 80°C.

Culture of hPSCs in 2D mTeSR-1/MG and SP control conditions: Prior to culturing, Corning Matrigel
hESC-Qualified.Matrix (MG; Corning Inc., Corning, NY, USA) was diluted in a 1:75 v/v ratio with
Dulbecco’simodified Eagle medium (DMEM)/F12 (Sigma-Aldrich Corporation, St. Louis, MO, USA)
and introduced into the culture dish. After 1 day of plate incubation in MG at 4°C, excess MG was

removed, and thecoated dish was washed with fresh DMEM/F12.

hPSCs Were dissociated with TrypLE™ Express reagent (Thermo Fisher Scientific, Waltham,
MA, USA)fer3iminiat 37 °C and then harvested. A cell strainer was used to remove cell aggregates
from the cell suspensions, and the cells were centrifuged at 200 x g for 3 min and then resuspended
in mTeSR-1 medium. To prevent apoptosis of dissociated hPSCs, the mTeSR-1 medium was
supplemented with 10 uM Rho-associated coiled-coil containing protein kinase (ROCK) inhibitor Y-

27632 (Wako Pure Chemical Industries, Osaka, Japan) on day 1, and the medium was changed daily.
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hPSCs cultured under MG conditions were counted using a NucleoCounter NC-200 cell counter

(Chemometec A/S, Allerod, Denmark).

To egstablish the SP culture conditions, hPSCs cultured in Matrigel-coated dishes were
dissociated using TrypLE Express. Cells were centrifuged at 200 x g for 3 min and resuspended in
mTeSR-1 medium supplemented with 10 uM Y-27632. Dissociated cells were plated at an initial cell
density of 2’x 10* €ells cm™ on Ultra Low Attachment Multiple plates (Corning Inc.) containing
mTeSR-1 medium; the medium was changed daily. Cells were counted using a NucleoCounter NC-

200 cell counter (Chemometec A/S).

hPSC 3D culture on 3D-CEP: Prior to use, 3D-CEPs were sterilized in 70% ethanol and placed under
ultraviolet (UV) light in a biosafety cabinet for 30 min. hPSCs cultured on Matrigel-coated dishes with
mTeSR-1 medium were trypsinized and collected in a 15-mL tube. Before loading of hPSCs, the 3D-
CEP was placed"on,ice to maintain a low temperature. The dissociated hPSCs were resuspended in
mTeSR-1 mediummixed with different concentrations of PNIPAAmM-B-PEG hydrogel (HG; Mebiol Inc.,
Hiratsuka, Japan) supplemented with 10 uM Y-27632. HG concentrations of 45, 61, 76, and 91 mg
mL " were utilized to obtain cellular matrices with stiffness properties identified as ultra-low, low,
medium, and. highj respectively. The hPSC/HG mixture was introduced into the 3D-CEP microfluidic
device via a 0.75-mm-diameter inlet port. To promote gelation of the hPSC/HG mixture, the 3D-CEP

was placedsin a humidified incubator at 37°C in an atmosphere containing 5% CO,. The mTeSR-1
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medium was changed daily, and the HG concentrations were maintained within the range of 45 to

91 mg mL™, as determined by water solubility.

Cellulariimaging=€ells were observed with an Eclipse Ti-E inverted fluorescent microscope system
(Nikon Corporation] Tokyo, Japan) with a CCD camera (ORCA-R2; Hamamatsu Photonics K.K.,
Hamamatsu, Japan) and a CO, incubation chamber (Matsunami Glass Ind., Ltd., Osaka, Japan).
During monitoring,the temperature of the incubation chamber was maintained at 37°C. To prevent

evaporation of the samples, the inside of the chamber was kept in a highly humidified state.

Determination of PSC marker expression by flow cytometry: Cells were washed twice with
phosphate-buffered saline (PBS) and harvested with TrypLE Express reagent. Cells were suspended
in mTeSR=1/Matrige| culture medium and placed in 15-mL tubes. After centrifuging at 200 x g for 3
min, the supernatant was removed. Cells were washed twice with PBS, and then the cells were
counted. For staining, the cells were diluted to 1 x 10” cells mL™ in PBS supplemented with 2% (v/v)
fetal calf serum (FCS). R-Phycoerythrin (PE)-labeled human anti-SSEA-4 antibodies (Stemgent,
Cambridge/MA, USA), Dylight 488-labeled human anti-TRA-1-60 antibodies (Stemgent), and
allophycocyanin (APC)-labeled human anti-CD15 (SSEA-1) antibodies (BioLegend, Inc., San Diego, CA,

USA) were added to the cell suspensions and incubated at room temperature for 30 min.
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Appropriate isotype-control antibodies were also used. Stained cells were centrifuged at 200 x g for
3 min, washed in PBS with 2% (v/v) FCS, and then loaded into a FACSCanto Il cell analyzer (BD

Biosciences, San Jose, CA, USA).

Global gené'expression analysis: A total of 100 ng of RNA from each sample was amplified and
labeled with cyanine 3 (Cy3) fluorescent dye to synthesize complementary viral RNA (cRNA) using a
One-Color,Low Input Quick Amp Labeling Kit (Agilent Technologies, Santa Clara, CA, USA).
Subsequently, 0.6 ug of synthesized cRNA was hybridized to SurePrint G3 Human GE 8x60K Ver.2.0

(201 31d R/Bioconductors

microarrays.(Agilent Technologies). Data were analyzed with Stemformatics
and normalized using the method described by Yugene.?" The differentially expressed transcripts

were identified and filtered using the statistical “Limma” linear modeling package (p < 0.05 and g <
0.05).”? Consensus clustering was implemented in the R language using the ConsensusClusterPlus
software package.” Functional gene classification was performed using the Database for

Annotatien;yVisualization, and Integrated Discovery (DAVID) tool.*” Data are available for download

from #accession and Database or via http://www.stemformatics.org/datasets/search?ds_id=6153.

Quantitative reverse transcription polymerase chain reaction (RT-PCR) analysis: Total RNA was

reverse transcribed using an RT? First Strand Kit (Qiagen, Hilden, Germany). cDNA was amplified and
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quantified with the RT> SYBR Green ROX FAST Mastermix (Qiagen) in combination with an hESC-
specific RT? Profiler PCR Array (PAHS-081Y; Qjagen). Data analysis was performed using Cluster 3.019

and Java TreeView 1.1.6r2 open source software.”
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Figure 1. (o] ic device to perform hydrogel-based three-dimensional (3D) hPSC culture,
designa ellular microenvironment plate (3D-CEP). (A) Conceptual illustration of the 3D-
CEP platfor ilizing a thermoresponsive hydrogel (HG) mixed with soluble factors, 3D cellular
microenvi s can be engineered within a microfluidic cell culture chamber. (B) Design of a 3D-
CEP pla presentative photographs. The microfluidic cell culture chamber (10 mm [L] x
1.5 mm [W] x 200 um [H]) had a total volume of 3 pL and was designed to connect with two

different rgervoirs (3 mm in diameter). The design incorporated a 0.75-mm diameter inlet at the
fluidic channel to facilitate loading of cells and HG, allowing homogeneous cell
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Figure 2. Evaluation of cellular status of H9 human embryonic stem cells (hESCs) cultured in 3D (e.g.,
HG and suspension [SP]) and 2D (Matrigel-coated cell culture plate [MG]) conditions. (A)
Representative.micrographs of H9 hESCs cultured in mTeSR-1 medium under HG, MG, and SP
conditions. Scale bars represent 100 um. (B) Intracellular ATP measurements to evaluate H9 hESC
viability. Céllviability was determined by quantifying bioluminescence counts per second (CPS) of
firefly luciferasetin cell lysates (see Supporting Methods), and all data are represented as the mean +
SEM. There were no significant differences identified between the samples. (C) Comparison of the
2D-projected cell sphere sizes observed in HG and SP conditions (*p = 7.8 x 10™*). (D) Flow
cytometrieestimates of the percentage of dead H9 hESCs using apoptotic (annexin V) and dead cell
(propidium iodide [PI]) markers. H9 hESCs cultured on Matrigel exposed to 1 uM straurosporine
(STS) were used.as.a positive control for dead cells (see Supplementary Methods). The experiments
were repeated five times. (E) Flow cytometric measurements of the cell cycle characterized by
measuring nuclear contents of H9 hESCs using SYTOX AADvanced dye (see Supporting Methods). The
experimentsiwererepeated five times.
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Figure 3."Comparison of the pluripotent status of H9 hESCs. (A) Whole-mount immunocytochemistry
for OCT4 and NANOG expression in H9 hESCs in HG. (B) Flow cytometric analysis for pluripotency
(SSEA4 and TRA-1-60) and differentiation (SSEA1) markers. (C—E) SOX2, NANOG, and OCT4 mRNAs
associated with pluripotency were measured using quantitative RT-PCR. As a negative control for
pluripotent cells, human fetal fibroblasts (IMR-90 cells) were used (see Supporting Methods). All
data are represented as the mean + SEM, with n = 3.
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Figure 4. Comparison of gene expression signatures in H9 hESCs in the HG, MG, and SP conditions.
(A) The expression levels of the pluripotent stem cell markers (e.g., NANOG, SOX2, and OCT4 [or
POUS5F1]) in H9 hESCs did not differ among the tested microenvironments. As a negative control for
pluripotent cells; IMR-90 cells were used. (B) Principal component analysis (PCA) based on
microarray data'showed that all HG (orange), MG (green), and SP (light blue) samples were
segregatedinto three groups. (C) Workflow of the statistical filtering method used to identify
differentially expressed gene transcripts. (D) Consensus clustering revealed that the identified
transcripts were categorized into five classes. (E) Color-coded heat map for each consensus
clustering classferthe HG, MG, and SP conditions. (F) Gene ontological analysis for the functional
annotation of th&transcripts involved in each class.
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